Population aging results in urgent needs of interventions aimed at ensuring healthy senescence. Exercise often results in healthy aging, yet many molecular mechanisms underlying such effects still need to be identified. We here investigated whether the agedependent accumulation of oxidative and methylglyoxal-(MG-) related molecular damage could be delayed by moderate exercise in the mouse ovary, an organ that first exhibits impaired function with advancing age in mammals. CD1 female mice underwent twoor four-month treadmill-based running through the transition from adult to middle age, when ovaries show signs of senescence, and markers of protection against reactive oxygen species (ROS) and MG were measured. The long-term exercise reduced the protein oxidative damage in the ovaries ( < 0.01), and this was linked to the preservation of the glutathione peroxidase protection against ROS ( < 0.001), as well as to the increased glutathione availability ( < 0.001). Conversely, even though the age-related deactivation of the MG-targeting systems was partially prevented by the long-term running programme ( < 0.001), exercised mice were not protected from the age-dependent glycative burden. In summary, lately initiated regular and moderate exercise limited some changes occurring in the ovaries of middle-aged mice, and this might help to develop nonpharmacological cointerventions to reduce the vulnerability of mammalian ovaries towards redox dysfunctions.
Introduction
In modern advanced societies, population aging and life expectancy are constantly increasing, leading to major ageassociated health issues in both sexes. Women, who generally live longer than men, will spend nearly a third of their lifetime in postmenopause. In women, menopause indicates the absolute end of reproductive life. However, a decline in fertility is already apparent 20 years before menopause, and 10 years before menopause the ability to conceive is extremely low [1] . Ovarian aging is a major determinant of this agedependent decrease in female fertility and is related to a decrease in the size of the ovarian follicle pool and the quality of the oocytes therein [2] , as well as to alterations of the ovarian stroma [3] . Female reproductive aging is associated with some disorders known to increase in mid-life including fetal aneuploidy, cognitive impairment, and cardiovascular disease [4] . Hence, how to maintain the reproductive health and improve the ovarian lifespan is currently considered as an area of great interest.
Impaired defence against cytotoxic reactive oxygen species (ROS) and methylglyoxal (MG), a powerful endogenous glycating and prooxidant compound, seems to be critically linked to aging [5, 6] . The ovary is the first organ to show signs of physiological aging and is among the most vulnerable organs to age-dependent glycative and oxidative burden [2, [7] [8] [9] [10] [11] . Accordingly, mice that exhibit impaired biosynthesis of glutathione (GSH), the most abundant thiol-containing intracellular antioxidant and essential cofactor for antioxidant and antiglycative enzymes, such as glutathione peroxidase and glyoxalase 1, show accelerated ovarian aging due to increased ovarian oxidative stress [12] .
Both ROS-and MG-dependent molecular damage have been hypothesized to be downregulated by simple lifestylebased interventions, among which physical exercise is emerging as the leading determinant of healthy aging [13] . Recently, it has been reported that reproductive dysfunctions in mice with polycystic ovary syndrome (PCOS), an ovarian disease associated with glycative stress [11, 14] , can be ameliorated by exercise without weight loss [15] .
In this context, we previously reported that long-term moderate running elicits important antiaging protective effects in the hippocampal formations and brain cortex of middle-aged mice, mainly through the activation of the major ROS-and MG-targeting enzymatic systems [16, 17] .
On this basis, the question as to whether physical exercise could help to preserve antioxidative and antiglycative defences in the aging ovary may be raised. Despite the emerging interest in this field, specific studies are currently unavailable.
We here investigated whether the age-dependent disturbance of oxidative and methylglyoxal-(MG-) related metabolism could be affected by moderate exercise in the mouse ovary, a mammalian organ that exhibits impaired function with advancing age.
In order to test our hypothesis, reproductively aging female CD1 mice underwent a moderate treadmill-based running programme initiated during the transition from adult to middle age, a period in which ovaries already exhibit signs of senescence, in terms of decline of both ovarian reserve and oocyte quality [18] [19] [20] .
Ovaries were processed for the assessment of the activity of enzymatic systems responsible for the protection against oxidative and methylglyoxal-induced molecular damage, as well as for the level of expression of Anti-Müllerian hormone (AMH), an excellent marker of ovarian reserve [21, 22] .
Materials and Methods

Animals and Running
Protocol. Nine-month-old CD1 female mice (45-50 g; = 48; Harlan Laboratories, Inc., Frederick, MD, USA) were acclimatized for 10 days in the laboratories of the Excellence Research Centre on Aging of the University Foundation "G. d' Annunzio" of Chieti (Italy) to the housing conditions (22 ± 2 ∘ C, 12-12 h light-dark cycle, with lights on from 8 a.m. to 8 p.m., free access to water and food, 6 animals per cage). The familiarization and running protocols used in this research were already been described in previous works [16, 17, 23] . This exercise was recognized as moderate based on the intensity at 65% to 70% of the maximal oxygen uptake [24] . Briefly, the animals were familiarized to the Exer 3/6 motorized low-noise treadmill (Columbus Instruments, Columbus, OH, USA) for 2 weeks (9 m/min for 10 min, 5 days/week). Mice were randomly assigned to four groups (12 mice each): mice undergoing a treadmill-based running programme for either 2 or 4 months (E2 and E4, resp.), and mice undergoing a sedentary regimen for either 2 or 4 months (S2 and S4, resp.) ( Figure 1 ).
Exercised groups underwent the running programme (warm-up at 5 m/min for 3 min, running at 13 m/min for Oxidative Medicine and Cellular Longevity 3 20 min, and cooldown at 5 m/min for 3 min, zero inclination, 5 days/week), starting from 10 min/day and reaching the final work load by incrementing 1 min every day ( Figure 1) . We used the most common running protocol employed in investigations where low-intensity exercise was needed [25, 26] . The moderateness of the exercise model was confirmed also by the fact that the treadmill was operating at zero inclination; therefore the exercise effort was strongly reduced, as the mice needed only to move forward, but not to climb. Moreover, the "running" protocol consisted of a fast walk; in fact at least two limbs of the animals were in contact with the ground while exercising. In order to avoid unnecessary stress, mice were motivated to run only by gentle hand prodding. Sedentary groups were exposed to the same environmental stimuli (handling, treadmill motor noise, and vibration and deprivation of food and water) while exercising subjects were running. Animal weight and food consumption were monitored daily throughout the experiment. One day after the last running session, mice were sacrificed by rapid decapitation, and ovaries were removed, immediately frozen in liquid N 2 , and stored at −80 ∘ C. All possible measures were taken to reduce the number and the suffering of animals, in accordance with the European Union Directive 2010/63/EU for animal experiments.
Ovary Extract Preparation for Enzymatic Activity Assessments.
Ovaries were lysed (300 mg/mL) in either (a) 100 mM phosphate buffer (pH 7), containing 1.5 mM dithiothreitol (DTT) and 1 mM EDTA (for glyoxalase 1, glyoxalase 2, and glutathione peroxidase) or (b) 100 mM phosphate buffer (pH 7), containing 0.1% (v/v) Triton X-100 (pH 7) (for superoxide dismutase and catalase). Cell suspensions were homogenized and centrifuged at 16,000 ×g for 30 min at 4 ∘ C. The resulting extracts were used for spectrophotometric measurement of enzymatic activity and for the determination of total protein concentration (cat. 500-0006, Bio-Rad Laboratories, Milan, Italy), using BSA as the standard [27] . All spectrophotometric readings were carried out in triplicate by using a Lamba25 spectrophotometer (PerkinElmer Inc., Waltham, MA, USA). With regard to enzymatic activity assessments, within-assay coefficient of variations ranged from 1.44% to 6.82%, depending on the enzyme analyzed.
Total Superoxide Dismutase (tSOD) Enzymatic Activity.
The tSOD (EC 1.15.1.1) activity was assayed by measuring its ability to inhibit the autoxidation of epinephrine (cat. E4375, Sigma-Aldrich, Milan, Italy), which was spectrophotometrically monitored at 480 nm at 30 ∘ C, according to Sun and Zigman [28] . One unit of tSOD activity was assumed to halve the rate of epinephrine autoxidation. Measurements were carried out in quadruplicate.
Catalase (CAT) Enzymatic
Activity. The CAT (EC 1.11.1.6) activity was assayed by monitoring the decomposition of 10 mM hydrogen peroxide at 240 nm (cat. 21,676-3, SigmaAldrich), as described by Aebi [29] . One unit of enzyme activity was defined as 1 mol of H 2 O 2 reduced/min at 25 ∘ C. Measurements were carried out in five replicates.
Total Glutathione Peroxidase (GPX) Enzymatic Activity.
The total GPX (EC 1.11.1.9) activity was determined by following the oxidation of nicotinamide adenine dinucleotide phosphate (NADPH) at 340 nm in a glutathione reductasecoupled reaction, using cumene hydroperoxide as substrate (cat. C0524, Sigma-Aldrich) [30] . One unit of enzyme activity was defined as 1 mol of GSH-conjugated/min at 25 ∘ C. Measurements were carried out in quadruplicate.
2.6. Glyoxalase 1 (GLO1) Enzymatic Activity. The GLO1 (EC 4.4.1.5) activity was assayed by recording appearance of (R)-Slactoylglutathione at 240 nm, as described by Mannervik and colleagues [31] , in a reaction mixture that contained 1 mM GSH (cat. G4251, Sigma-Aldrich) and 2 mM methylglyoxal (cat. M0252, Sigma-Aldrich). One unit of enzyme activity was defined as 1 mol of (R)-S-lactoylglutathione formed/min at 25 ∘ C. Measurements were carried out in quadruplicate.
Glyoxalase 2 (GLO2) Enzymatic Activity and Glutathione
Assay. The GLO2 (EC 3.1.2.6) activity was assayed by recording at 240 nm the disappearance of 0.3 mM (R)-Slactoylglutathione (cat. L7140, Sigma-Aldrich), as described by Guha and coworkers [32] . One unit of enzyme activity was defined as 1 mol of lactoylglutathione hydrolyzed/min at 25 ∘ C. Measurements were carried out in quadruplicate.
Total (tGSH) and oxidized glutathione (GSSG) levels were measured by using the glutathione assay kit, according to the method described by Baker and colleagues [33] . Briefly, ∼150 mg of tissue was homogenized in 5 volumes of MES buffer (provided by the kit) and centrifuged at 10,000 ×g for 15 min, at 4 ∘ C. Supernatants were immediately treated with 5% (w/v) metaphosphoric acid (cat. 239275, Sigma-Aldrich) and centrifuged at 4,000 ×g for 5 min, as recommended by the supplier. 50 L of protein-free supernatants (diluted 1 : 3 in MES buffer) was added to 3 volumes of Assay Cocktail. The color development was followed at 405 nm for 25 min, through a Victor3 microplate reader (PerkinElmer). Parallel assessments of GSSG were carried out by first derivatizing reduced glutathione with 2-vinylpyridine (cat. 132292, SigmaAldrich), as recommended by the manufacturer. Standardbased calibration curves were obtained from pure GSSG-and GSH-containing reactions (range: 0-8 M GSSG, 0-16 M tGSH). All samples were assessed in triplicate. Results were shown as GSSG over GSH ratios, with the latter component calculated as total GSH-2GSSG. Within-and between-assay coefficients of variations were equal to 1.6% and 3.6%, respectively.
RNA Extraction and Real-Time RT-PCR.
RNA was extracted from ovaries by using the Applied Biosystems5 Picopure kit (cat. 12204-01, Thermo Fisher Scientific, Inc., Waltham, MA, USA), and the contaminant DNA was degraded by Invitrogen6 DNA-free kit (cat. AM1906, Thermo Fisher Scientific, Inc.), following the supplier's recommendations. The resulting RNA was used to obtain cDNA via reverse transcription (Life Technologies SuperScript VILO cDNA Synth Kit, cat. 11754050, Thermo Fisher Scientific, Inc.). The cDNA was used (dil. 1 : 50) for the PCR amplification which was performed in an Applied Biosystems 7300 system (Thermo Fisher Scientific, Inc.) by using the PowerSYBR Green PCR Master Mix kit (cat. 4367659, Thermo Fisher Scientific, Inc.). Applied Biosystems custom oligos were purchased from Thermo Fisher Scientific, Inc. (Table 1) . Amplification steps were set as follows: initial denaturation at 95 ∘ C for 2 min and 40 cycles of 95 ∘ C for 5 seconds and 60
∘ C for 30 seconds. In order to verify coamplification of unspecific targets, melting curves were performed for all primer pairs (95 ∘ C for 15 seconds, 60 ∘ C for 1 min, 95 ∘ C for 15 seconds, and 60 ∘ C for 15 seconds). Gene expression was calculated by using the ΔΔCt method, with -actin used as the reference transcript for the relative quantitation and S2 considered as the calibrator sample (100% gene expression) [35] . All samples were processed in six replicates. Withinassay coefficient of variation ranged from 0.94% and 1.24%, depending on the transcript analyzed.
Western Immunoblot.
Ovaries were lysed (300 mg/mL) in RIPA buffer (cat. R0278, Sigma-Aldrich) that was supplemented with protease inhibitors (cat. P8340, Sigma-Aldrich) and phosphatase inhibitors (cat. P2850 and P5726, SigmaAldrich). After centrifugation at 16,000 ×g for 30 min at 4 ∘ C, supernatants were assayed for total protein content, by using the BCA Protein Assay Kit and bovine serum albumin as the standard (cat. 23225, Thermo Fisher Scientific, Inc.). Denatured samples were run in triplicate on 12% polyacrylamide gels according to Laemmli [36] . Protein bands were transferred onto polyvinylidene difluoride (PVDF) membranes by electrophoretic transfer [37] . Nonspecific binding sites were blocked at room temperature for one hour with 5% (w/v) Blotting-Grade Blocker (cat. 170-6404, Bio-Rad Laboratories), in Tris-buffer saline containing 0.05% (v/v) Tween-20 (cat. P5927, Sigma-Aldrich) (TBS-T). Membranes were incubated overnight with TBS-T-diluted primary antibodies. PVDF sheets were incubated with peroxidase-conjugated secondary antibodies for two hours (see Section 2.11 for details about dilutions). The specific immune complexes were detected by using the Metal Enhanced DAB Substrate Kit (cat. 34065), as recommended by the supplier (Thermo Fisher Scientific, Inc.). Digital images were processed through the TotalLab software (TotalLab Ltd., Newcastle upon Tyne, UK). Signal normalization was carried out by using -actin as the loading control protein, and results were given as arbitrary units. Results for argpyrimidine levels were obtained by analyzing one band found exclusively in blots incubated with both antibodies, by subtracting nonspecific signals obtained by omitting the primary antibody. Experiments were performed in triplicate. Within-assay coefficient of variation ranged from 0.20% to 6.31%, depending on the protein analyzed.
Protein Carbonyl Content Assessment.
The reaction between protein carbonyls and 2,4-dinitrophenylhydrazine (DNPH) was used to detect the carbonyl content in our samples [38] . Briefly, ovaries (∼150 mg) were rinsed with phosphate buffered saline solution and homogenized in 500 L of cold EDTA-containing phosphate buffer (pH 6.7). Samples were centrifuged at 10,000 ×g for 15 minutes at 4 ∘ C. In order to remove contaminant nucleic acids, supernatants were treated with 1% (w/v) streptomycin sulfate (cat. sc-202821, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), as recommended by the manufacturer. After reacting with DNPH, samples were transferred into 96-well plate, and the formation of the corresponding hydrazones was followed by photometric reading (Victor 3 , PerkinElmer Inc.) at 370 nm (0.022 M −1 * cm −1 ). Results were normalized against proteins that were still present in the wells at the moment of the reading, as suggested by the manufacturer. Experiments were performed in triplicate. Within-and between-assay coefficients of variations were equal to 4.7% and 8.5%, respectively.
Antibodies.
The anti-AMH (cat. ab103233) (dil. 1 : 50) and anti--actin (cat. ab8227) (dil. 1 : 6000) antibodies were supplied by Abcam (Cambridge, UK). The anti-argpyrimidine antibody (cat. NOF-N213430-EX) (dil. 1 : 75) was provided by Cosmo Bio Co., Ltd. (Tokyo, Japan). The peroxidaseconjugated anti-mouse secondary antibody (cat. A9044) (dil. 1 : 1000) was purchased from Sigma-Aldrich. The peroxidaseconjugated anti-rabbit secondary antibody (cat. PI1000) (dil. 1 : 1000) was supplied by DBA Italia (Milan, Italy). Protein Carbonyl colorimetric assay kit (cat. 10005020) and Glutathione Assay Kit (cat. 703002) were purchased from Cayman Chemical Co. (Ann Arbor, MI, USA).
2.12.
Statistics. Factorial (exercise × time) ANOVA and Holm-Sidak post hoc tests for multiple comparisons were used for statistical analysis (Statsoft Statistica 10 and SyStat SigmaStat v3.5). The null hypothesis was rejected with < 0.05. Real-time PCR results were reported as means ± error estimation of the calculated ratio using the Taylor's series, as appropriate for the ΔΔCt method [39] . All other results were given as means ± standard deviations. Ovarian total glutathione peroxidase (tGPX)/total superoxide dismutase (tSOD) antioxidant capacities in mice after regular and moderate treadmill running. Specific activities (a and b) and efficiency of the tGPX/tSOD enzymatic coupling (c) in ovaries of middle-aged CD1 female mice after two-or four-month running programme (E2 or E4, resp.); age-matched sedentary animals (S2, S4) were used as controls ( = 12, each group). Values were given as means ± std. dev. and the level of statistical significance was calculated by using factorial (2 × 2) ANOVA and Holm-Sidak post hoc tests for multiple comparisons: * < 0.05; * * * < 0.001.
Results
Effects of Age and Exercise on Ponderal State and Food
Intake. In coherence with our previous results [16, 17] , no effect of age or running was observed on either ponderal state or food consumption (not shown).
Effect of Exercise on ROS-Targeting Enzymatic Defence
Total Glutathione Peroxidase (tGPX).
We found significant main effects of both age and exercise on the total glutathione peroxidase specific activity ( < 0.001, Cohen's -based effect sizes = 0.979 and 0.939, resp.). In addition, we found a significant interaction effect ( < 0.01). The post hoc test revealed that the transition from 12 to 14 months of age caused a marked reduction of tGPX specific activity in the ovarian environment of sedentary mice ( < 0.001, Cohen's -based effect size = 0.996, S4 versus S2), whereas the tGPX activity was significantly increased by both twoand four-month running ( < 0.001, Cohen's -based effect sizes = 0.890 and 0.963, resp.) (E2 versus S2 and E4 versus S4; Figure 2(a) ).
Total Superoxide Dismutase (tSOD).
Significant main effects of both age and exercise on the total SOD specific activity were found ( < 0.001 and < 0.001, Cohen'sbased effect sizes = 0.997 and 0.986, resp.). The multiple comparison analysis showed that the tSOD specific activity was significantly reduced by the transition from 12 to 14 months in the ovaries of sedentary rodents ( < 0.001, Cohen's -based effect size = 0.989) (S4 versus S2; Figure 2(b) ). Moreover, the age-dependent decline of tSOD activity was greater in exercised mice ( < 0.001, Cohen's -based effect sizes = 0.851 and 0.997, resp.) (E2 versus S2 and E4 versus S4, Figure 2(b) ). Accordingly, we found a significant interaction effect ( < 0.001).
tGPX/tSOD Ratio.
The tGPX/tSOD ratios were also examined, as such a proportion is better indicative of the efficiency of the antioxidative enzymatic defence than each activity alone [40, 41] . Significant main effects of both age and moderate running on the tGPX/tSOD ratio were found ( < 0.05 and < 0.001, Cohen's -based effect sizes = 0.614 and 0.979, resp.). In addition, we found a significant interaction effect ( < 0.001). The post hoc test showed that CAT/tSOD ratio * * * * * * * * (b) Figure 3 : Ovarian catalase (CAT)/total superoxide dismutase (tSOD) antioxidant capacities in mice after regular and moderate treadmill running. CAT specific activity (a) and efficiency (b) of the CAT/tSOD enzymatic coupling in ovaries of middle-aged CD1 female mice after two-or four-month running programme (E2 or E4, resp.); age-matched sedentary animals (S2, S4) were used as controls ( = 12, each group).
Values were given as means ± std. dev. and the level of statistical significance was calculated by using factorial (2×2) ANOVA and Holm-Sidak post hoc tests for multiple comparisons: * * < 0.01; * * * < 0.001.
the ratio between tGPX/tSOD was significantly reduced by the transition from 12 to 14 months in the ovaries of sedentary animals ( < 0.05, Cohen's -based effect size = 0.965) (S4 versus S2, Figure 2 (c)). Interestingly, the age-dependent decline of the tGPX/tSOD ratio was completely reverted by the exercise programme (Figure 2(c) ). Moreover, we observed that exercised mice showed increased tGPX/tSOD ratios, after both two-and four-month running ( < 0.05 and < 0.001, Cohen's -based effect sizes = 0.925 and 0.989, resp.) (E2 versus S2 and E4 versus S4, Figure 2 (c)).
Catalase (CAT).
We observed significant main effects of both age and treadmill running on the CAT specific activity ( < 0.001 and < 0.001, Cohen's -based effect sizes = 0.957 and 0.880, resp.). As shown in Figure 3 (a), the transition from 12 to 14 months of age caused an increase of the CAT specific activity in the ovaries of sedentary mice ( < 0.001, Cohen's -based effect size = 0.986) (S4 versus S2). Interestingly, we did not find any age-dependent change of the CAT specific activity in the ovaries of exercised mice (Figure 3(a) ). Accordingly, a significant interaction effect was also found ( < 0.001). The CAT specific activity resulted to be elevated by the two-month running regimen ( < 0.001, Cohen's -based effect size = 0.755), whereas a strong reduction of the CAT activity was observed after the fourmonth running ( < 0.001, Cohen's -based effect size = 0.984) (E2 versus S2 and E4 versus S4, Figure 3(a) ).
CAT/tSOD Ratio.
As done for the tGPX and tSOD activities, CAT/tSOD ratios were also considered to better assess the efficiency of the ROS-targeting enzymatic protection. We detected significant main effects of both age and exercise on the CAT/tSOD ratio ( < 0.001 and < 0.05, Cohen's -based effect sizes = 0.984 and 0.571, resp.). The ratio between CAT/tSOD was significantly increased by the transition from 12 to 14 months in the ovaries of unexercised mice ( < 0.001, Cohen's -based effect size = 0.991);
however we observed that exercised mice showed a strongly reduced CAT/tSOD ratio after four-month running ( < 0.01, Cohen's -based effect size = 0.939) (S4 versus S2 and E4 versus S4, resp., Figure 3(b) ). Conversely, the twomonth exercise programme did not change significantly the CAT/tSOD ratio (E2 versus S2, Figure 3(b) ). As a result, a significant interaction effect was found because of the fact that the age-dependent elevation of CAT/tSOD ratio was greater in sedentary mice than in exercised rodents ( < 0.001).
GSSG/GSH
Ratio. Significant main effects of both age and moderate running on the redox balance between GSH and oxidized glutathione were found ( < 0.001 and < 0.001, Cohen's -based effect sizes = 0.937 and 0.954, resp.). The GSSG/GSH ratio was not significantly affected by the transition from 12 to 14 months in the ovaries of unexercised mice (S4 versus S2, Figure 4 ), whereas exercise reduced the GSSG/GSH redox balance after both two-and four-month running ( < 0.05 and < 0.001, Cohen's -based effect sizes = 0.741 and 0.976, resp.) (E2 versus S2 and E4 versus S4, Figure 4 ). Accordingly, a significant interaction effect was found ( < 0.001).
Protein Carbonyl Content.
Significant main effects of both running and age on the protein carbonyl content were found ( < 0.01 and < 0.05, Cohen's -based effect sizes = 0.931 and 0.787, resp.). The level of oxidatively modified proteins was not significantly increased by the transition from 12 to 14 months in the ovaries of unexercised mice ( Figure 5 ). Conversely, we found that exercised mice showed a strongly reduced protein carbonyl content after both twoand four-month running ( < 0.05 and < 0.001, Cohen's -based effect sizes = 0.906 and 0.938, resp.) (E2 versus S2 and E4 versus S4, Figure 5 ). Accordingly, a near significant interaction effect was also found ( = 0.057). Figure 4 : Ovarian balance of glutathione redox couple in mice after regular and moderate treadmill running. Glutathione disulfide (GSSG) over glutathione (GSH) ratio in ovaries of middle-aged CD1 female mice after two-or four-month running programme (E2 or E4, resp.); age-matched sedentary animals (S2, S4) were used as controls ( = 12, each group). Values were given as means ± std. dev. and the level of statistical significance was calculated by using factorial (2 × 2) ANOVA and Holm-Sidak post hoc tests for multiple comparisons:
* < 0.05; * * * < 0.001. Ovarian levels of oxidatively modified proteins in mice after regular and moderate treadmill running. Protein carbonyl content in ovaries of middle-aged CD1 female mice after two-or four-month running programme (E2 or E4, resp.); age-matched sedentary animals (S2, S4) were used as controls ( = 12, each group). Values were given as means ± std. dev. and the level of statistical significance was calculated by using factorial (2 × 2) ANOVA and Holm-Sidak post hoc tests for multiple comparisons: * < 0.05; * * * < 0.001.
Effect of Exercise on MG-Related Metabolism
Glyoxalase 1 (GLO1) Expression and Activity.
We observed a significant main effect of age on the level of GLO1 mRNA ( < 0.001, Cohen's -based effect size = 0.950). As shown in Figure 6 (a), the transition from 12 to 14 months of age increased GLO1 mRNA level in the ovarian environment of sedentary mice ( < 0.001, Cohen's -based effect size = 0.968) (S4 versus S2). The age-related increase of GLO1 mRNA level was strongly limited in exercised animals; therefore a significant interaction effect was also found ( < 0.001). Accordingly, the GLO1 transcript was found to be significantly reduced by the four-month exercise, whereas an increase in GLO1 mRNA amount after two-month running was observed ( < 0.001, Cohen's -based effect sizes = 0.854 and 0.876) (E4 versus S4 and E2 versus S2) (Figure 6(a) ). We detected a significant main effect of age on the specific activity of GLO1 ( < 0.001, Cohen's -based effect size = 0.785). A near significant main effect of moderate running on the GLO1 specific activity was also found ( = 0.07, Cohen's -based effect size = 0.451). As shown in Figure 6(b) , in unexercised mice the GLO1 specific activity within the ovaries resulted to be lowered by the passage from 12 to 14 months of age ( < 0.001, Cohen's -based effect size = 0.981) (S4 versus S2). Conversely, in the ovaries of exercised mice the GLO1 specific activity was increased in an age-dependent fashion ( < 0.001, Cohen's -based effect size = 0.834) (E4 versus E2) ( Figure 6(b) ). Accordingly, a significant interaction effect was found ( < 0.001). In fact, the GLO1 specific activity was reduced by the two-month running regimen and increased by the four-month exercise programme ( < 0.001, Cohen's -based effect sizes = 0.877 and 0.854, resp.) (E2 versus S2 and E4 versus S4, Figure 6(b) ).
Glyoxalase 2 (GLO2) Expression and Activity.
We found significant main effects of both age and physical exercise on GLO2 mRNA amount ( < 0.001 and < 0.001, Cohen's -based effect sizes = 0.751 and 0.702, resp.). As shown in Figure 7 (a), the transition from 12 to 14 months of age caused a marked decrease of GLO2 mRNA level in the ovaries of sedentary rodents ( < 0.001, Cohen's -based effect size = 0.838) (S4 versus S2). On the contrary, exercise completely reverted the age-dependent decline of the GLO2 mRNA level ( < 0.001, Cohen's -based effect size = 0.990) (E4 versus E2) (Figure 7(a) ). Accordingly, a significant interaction effect was also found ( < 0.001). In fact, the amount of GLO2 transcript was reduced by the two-month exercise, whereas a higher GLO2 mRNA amount was found in the ovaries of mice that underwent the four-month running programme ( < 0.001, Cohen's -based effect sizes = 0.959 and 0.952, resp.) (E2 versus S2 and E4 versus S4, Figure 7(a) ).
In addition, we observed a significant main effect of age on GLO2 specific activity ( < 0.001, Cohen's -based effect size = 0.916). The specific activity of GLO2 within the ovary was reduced by the transition from 12 to 14 months of age in both sedentary and exercised rodents ( < 0.001, Cohen's -based effect sizes = 0.958 and 0.874) (S4 versus S2 and E4 versus E2, Figure 7(b) ). Accordingly, exercise did not affect the GLO2 specific activity, after either two-or four-month running (Figure 7(b) ).
Argpyrimidine.
We detected main effects of both age and treadmill running on the amount of MG-dependent protein damage ( < 0.001 and < 0.01, Cohen'sbased effect sizes = 0.969 and 0.836, resp.). As reported in Figure 8 , we found that the levels of ovarian argpyrimidine increased in an age-dependent fashion in both sedentary Figure 6 : Ovarian transcriptional expression and enzymatic activity of glyoxalase 1 (GLO1) in mice after regular and moderate treadmill running. GLO1 mRNA levels (a) and specific activity (b) of GLO1 in ovaries of middle-aged CD1 female mice after two-or four-month running programme (E2 or E4, resp.); age-matched sedentary animals (S2, S4) were used as controls ( = 12, each group). Real-time PCR results were reported as means ± error estimation of the calculated ratio using Taylor's series, as appropriate for the DDCt method [39] .
Specific activities values were given as means ± std. dev. The level of statistical significance was calculated by using factorial (2 × 2) ANOVA and Holm-Sidak post hoc tests for multiple comparisons: * * < 0.01; * * * < 0.001. Figure 7 : Ovarian transcriptional expression and enzymatic activity of glyoxalase 2 (GLO2) in mice after regular and moderate treadmill running. GLO2 mRNA levels (a) and specific activity (b) of GLO2 in ovaries of middle-aged CD1 female mice after two-or four-month running programme (E2 or E4, resp.); age-matched sedentary animals (S2, S4) were used as controls ( = 12, each group). Real-time PCR results were reported as means ± error estimation of the calculated ratio using Taylor's series, as appropriate for the DDCt method [39] . Specific activities values were given as means ± std. dev. The level of statistical significance was calculated by using factorial (2 × 2) ANOVA and Holm-Sidak post hoc tests for multiple comparisons: * * * < 0.001.
and exercised mice ( < 0.01, Cohen's -based effect sizes = 0.867 and 0.978, resp.) (S4 versus S2 and E4 versus E2) (Figure 8) . Interestingly, the levels of argpyrimidine resulted to be decreased after two-month running ( < 0.05, Cohen's -based effect size = 0.877), whereas the four-month exercise regimen increased the amount of the major MG-related protein adduct ( < 0.001, Cohen's -based effect size = 0.936) (E2 versus S2 and E4 versus S4, resp., Figure 8) . A significant interaction effect was also found ( < 0.001).
Effect of Exercise on Ovarian Reserve
. A significant main effect of age on the AMH level was found ( < 0.001, Cohen's -based effect size = 0.997). In addition, we detected a significant interaction effect ( = 0.01). The passage from 12 to 14 months of age reduced the protein levels of the ovarian reserve marker AMH in both sedentary and exercised mice ( < 0.001, Cohen's -based effect sizes = 0.995 and 0.992, resp.) (S4 versus S2 and E4 versus E2, Figure 9 ). However, the four-month running increased significantly AMH levels ( < 0.05, Cohen's -based effect sizes = 0.769) (E4 versus S4), whereas no significant effect was found after two months of running (Figure 9 ).
Discussion
One of the major epidemiologic trends in modern Western societies is the rise of chronic and degenerative diseases associated with the unprecedented rate of population aging [42, 43] . For this reason, noninvasive and inexpensive interventions aimed at ensuring healthy aging are becoming one of the most urgent needs in biomedical research. Figure 9 : Ovarian levels of anti-Müllerian hormone (AMH) in mice after regular and moderate treadmill running. AMH-directed Western immunoblot in ovaries of middle-aged CD1 female mice after two-or four-month running programme (E2 or E4, resp.); age-matched sedentary animals (S2, S4) were used as controls ( = 12, each group). Immunosignals were normalized against the housekeeping protein -actin. Representative Western blots of four independent experiments were reported. Values were given as means ± std. dev. and the level of statistical significance was calculated by using factorial (2 × 2) ANOVA and Holm-Sidak post hoc tests for multiple comparisons:
* < 0.05; * * * < 0.001.
We already showed that long-term moderate running in the middle age elicits antiaging effects in the brain of CD1 mice, mainly by activating the major scavenging systems against ROS and MG [16, 17] , which are both believed to be key factors involved in ovarian aging [9] [10] [11] . In mice mean reproductive lifespan is 30 months during which increasing irregularity in ovulatory cycles appears at approximately 10 months, followed by exhaustion of oocytes at 24 months [44] . In order to establish whether and how exercise may delay the progression of the age-related biomolecular burden, we chose the biological period ranging from 10 to 14 months of rodent age. The levels of anti-Müllerian hormone (AMH), which is a widely used marker of ovarian reserve [21, 22] , resulted to be dramatically reduced during this period, thus mirroring the physiological decline of primordial follicle pool [19] . The tGPX/tSOD ratio, which is a reliable indicator of the cellular scavenging efficiency against the O 2
•− /H 2 O 2 redox couple [7, 17, 45] , also declined in an age-dependent fashion. Since the mammalian GPX acts as the very first line of defence against hydrogen peroxide in vivo, exhibiting greater affinity for H 2 O 2 than CAT [46] , such an early reduction of the GPX-based antioxidant efficiency could lead to the decreased antioxidant protection observed in aged mice [8, 47, 48] . Interestingly, an age-dependent increase in the level of protein oxidation was not found maybe due simultaneous increase of the CAT/tSOD ratio. Given its extremely high turnover rate [49] , CAT may be upregulated to compensate the reduced GPX-mediated protection against hydrogen peroxide, thus explaining why both GSH pool and oxidative damage level were preserved.
Our findings confirmed that the increased susceptibility to MG-related damage may play a role in ovarian aging [11] . In fact, the activities of both GLO1 and GLO2 were reduced in an age-dependent fashion. We also found that the impaired defence against MG in the early-aging mouse ovary triggered an attempt of molecular adaptive response through the upregulation of GLO1 gene. Interestingly, the ovarian transcriptional response failed to prevent the agedependent accumulation of MG-related protein damage.
In summary, we identified a biological window (from 12 to 14 months of age) in which a decline of the ovarian reserve occurs along with a strong weakening of both antioxidative and antiglycative protection, and such period was used as an early ovarian aging model over which a moderate exercise programme could be tested for possible antiaging effects.
To the best of our knowledge, no study has ever investigated the role played by physical exercise in regulating the biochemical defence against oxidative and dicarbonyl stress in the ovarian environment during the transition from adult to middle age; hence the comparison between our findings and the available literature was not an easy task. In the present research, mice were subjected to a regular running protocol initiated at 10 months of age, that is, before the biological window in which biochemical and molecular changes occur.
The exercise programme elicited a major effect on the efficiency of the major ROS scavenging enzymes. The running regimen reverted the age-dependent drop of the GPX-based protection and limited the compensatory growth of the CATbased antioxidative defence. More importantly, we observed that the running protocol lowered the amount of oxidatively modified proteins, after both 2 and 4 months of running. Interestingly, the effects of running on the redox balance of glutathione were superimposable with those induced by exercise on the levels of protein carbonyls, especially after 4 months of running. Given the critical role of glutathione in the overall antioxidant protection as the major thioldisulphide redox buffer of the cell [50] , it may be conceived that the improvement of the oxidative profile in the ovaries of exercising rodents could be linked to the elevation of available GSH equivalents that was triggered by long-term running. Others have shown that rodents undergoing moderateintensity exercise for 12 weeks exhibit reduced oxidative stress and increased GSH/GSSG ratio in aging aortas [51] . However, we here provide the first evidence of a significant protective effect of habitual running on major redox-and oxidative stress-related parameters within the ovaries of reproductively aging mice. This suggests that moderate running, even when initiated lately in life in mammals that are unfamiliar with exercise, may still be able to improve the redox milieu of the major regulator of female fertility. Our findings may gain importance as some researchers have recently shown that mice harboring gene mutations that promote chronic oxidative stress show accelerated ovarian aging [12] . Accordingly, other authors have demonstrated that the enrichment of the antioxidant defence against ROS is able to postpone the process of aging in mouse ovaries and oocytes [52, 53] . In addition, the treatment with N-acetylcysteine (NAC), a potent low-molecular weight intracellular antioxidant and precursor of GSH, has been shown to improve the follicular function and development by preventing oxidative stress [54] .
Oxidative stress and dicarbonyl overload are tightly interlinked phenomena [5, 11] . Here we show that the enzymatic detoxification of methylglyoxal, as well as the MG-derived protein damage profile, was also affected by the exercise programme. In fact, the age-dependent decline of the specific activity of GLO1 was almost completely reverted by the four-month running treatment. In addition, the age-related upregulation of the GLO1 mRNA was almost totally abolished by the four-month running regimen, thus suggesting that the long-term exercise protocol abolished the age-driven perturbation of the GLO1 expression. However, the longterm exercise regimen sharpened the age-related drop of the enzymatic activity of GLO2, yet GLO2 mRNA was strongly increased by the chronic running programme. Since GLO2 is the enzyme that catalyzes the rate-limiting step of MG removal [55, 56] , we were not surprised to observe that the four-month running regimen exacerbated the MGdependent carbonyl stress despite the apparent activation of the GLO1-based protection. This may suggest that long-term running could be able to enhance the endogenous formation of MG or reduce the activity of the physiological removal mechanisms of glycated proteins. In this regard, the available literature lacks any reference framework; hence this aspect needs to be elucidated by further experiments. In summary, despite the adaptive response that was triggered by the longterm running, the ovary was not protected by the age-related increase of the MG-derived molecular damage, and this was likely due to the uncoupled feedback evoked by the exercise regimen on GLO1 and GLO2 expression patterns. Very interestingly, the MG-dependent protein damage appeared to be strongly diminished by the shorter duration of the running programme, maybe as a result of the less severe workload of the shorter training period, yet no indication of enhanced glyoxalase-mediated MG removal was observed following the short-term exercise treatment. These peculiar results seem to confirm that the exercise-induced modulation of the glycative molecular damage in the ovary of mice undergoing the transition from adult to middle age was not driven by the control of the glyoxalase expression, thus providing further indirect clues that changes in the endogenous production rate of MG and/or in the elimination of glycated proteins may participate in the regulatory processes activated in mouse ovaries by a regular exercise programme initiated at the onset of the middle age.
Last but not least, our experiments revealed that the age-associated reduction of the AMH level was partially reversed by the exercise treatment after four months of treadmill running, and this was strongly suggestive that, despite the already compromised ovarian environment, which was maybe dependent on the advanced age at which the exercise training was initiated, a long-term exercise programme is still able to activate positive adaptive changes in the ovarian biochemical milieu which are possibly linked to the improvement of ovarian function and reserve. Obviously, whether slight yet significant exercise-induced elevations of AMH level may trigger any improvement in the ovarian function remains to be established.
Conclusions
Our results revealed that a regular and moderate running regimen can be helpful to limit the dysfunction of protective systems against oxidative stress that occur within the ovaries of rodents undergoing reproductive aging. Our findings could be useful to develop lifestyle-based nonpharmacological (co)interventions aimed at reducing the vulnerability of mammal ovaries towards age-dependent redoxbased dysfunctions. It remains to be elucidated whether such biochemical adaptations may improve ovarian physiology by delaying follicle or oocyte aging.
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